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ABSTRACT
Context. Coronagraphy is a powerful technique to achieve high contrast imaging, hence to image faint companions around bright
targets. Various concepts have been used in the visible and near-infrared regimes, while coronagraphic applications in the mid-infrared
nowadays remain largely unexplored. Vector vortex phase masks based on concentric subwavelength gratings show great promise for
such applications.
Aims. We aim at producing and validating the first high-performance broadband focal plane phase mask coronagraphs for applications
in the mid-infrared regime, and in particular the L band with a fractional bandwidth of ∼16% (3.5–4.1 μm).
Methods. Based on rigorous coupled wave analysis, we designed an annular groove phase mask (AGPM) producing a vortex eﬀect in
the L band, and etched it onto a series of diamond substrates. The grating parameters were measured by means of scanning electron
microscopy. The resulting components were then tested on a mid-infrared coronagraphic test bench.
Results. A broadband raw null depth of 2 × 10−3 was obtained for our best L-band AGPM after only a few iterations between design
and manufacturing. This corresponds to a raw contrast of about 6 × 10−5 (10.5 mag) at 2λ/D. This result is fully in line with our
projections based on rigorous coupled wave analysis modelling, using the measured grating parameters. The sensitivity to tilt and
focus has also been evaluated.
Conclusions. After years of technological developments, mid-infrared vector vortex coronagraphs have finally become a reality and
live up to our expectations. Based on their measured performance, our L-band AGPMs are now ready to open a new parameter space
in exoplanet imaging at major ground-based observatories.
Key words. instrumentation: high angular resolution – planetary systems – planets and satellites: detection
1. Introduction
Direct imaging of exoplanets and close environments of stars has
recently made a long-awaited breakthrough (Marois et al. 2008;
Kalas et al. 2008; Lagrange et al. 2009a, 2010; Absil & Mawet
2010). While coronagraphs have sometimes been part of these
discoveries, their role has been restricted to merely mitigate de-
tector saturation. The reason for the still limited impact of stellar
coronagraphs on direct imaging is twofold. First, the wavefront
quality and stability provided by current instruments on most
ground-based telescopes at short wavelengths (up to the near-
infrared) is not high enough (Strehl ratio of the order of 50%).
Second, the coronagraphic devices oﬀered until a few years ago
date back to the original century-old invention by French as-
tronomer Bernard Lyot (Lyot 1939). Paradoxically, the diversity
of new coronagraphs developed in the lab during past 15 years is
far greater than the number of real science discoveries that they
have enabled so far (Guyon et al. 2006). It is also fair to say that,
with very few exceptions (Riaud et al. 2006; Mawet et al. 2009,
2011; Serabyn et al. 2009, 2010; Lagrange et al. 2009b; Quanz
et al. 2010; Boccaletti et al. 2012), investments have mainly been
made to develop the technologies in the laboratory rather than
actually bringing them to the telescope for actual on-sky tests
and operations (Mawet et al. 2012), from which so much can
be learned while enabling limited, but actual science despite the
average image quality in the near-infrared.
As a few dedicated experiments have already suggested
(Mawet et al. 2010; Serabyn et al. 2010), this situation is about
to change. Indeed, second-generation instruments have started
rolling in at major observatories, e.g., the Gemini Planet Imager
(GPI, Macintosh et al. 2008), VLT/SPHERE (Beuzit et al. 2008;
Kasper et al. 2012), and a few others. They promise far greater
image quality and stability, enabling new-generation corona-
graphs to deliver their best performances. Not to be forgotten are
first-generation instruments, which still possess untapped poten-
tial, which only ten years or so of operation and understanding
have allowed us to fully unleash (Girard et al. 2012; Mawet et al.
2012).
Here we present the successful outcome of eight years
of technological developments to make the so-called annular
groove phase mask coronagraph (AGPM, Mawet et al. 2005a)
into a reality ready to be installed at the telescope. The AGPM
is an optical vortex made out of a subwavelength grating. The
vortex coronagraph is one of the most advanced new-generation
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coronagraphs, and its interest lies in its ability to reach high
contrast at very small inner working angles (IWA), while main-
taining high throughput over a full 360◦ field of view. This has
already been proved in the literature with several successful
demonstrations and results, both in the laboratory and on sky
(Mawet et al. 2010; Serabyn et al. 2010) but at shorter wave-
lengths (visible and near-infrared). This paper tackles the diﬃ-
cult problem of designing and manufacturing vector vortex coro-
nagraphs for the mid-infrared, where the demand for eﬃcient
coronagraphs is increasing following the recent success of high-
contrast imaging of exoplanets and circumstellar disks in the
L band around 4 μm (Moerchen et al. 2007; Lagrange et al. 2010;
Quanz et al. 2010, 2011; Kenworthy et al. 2013). The L band
is indeed an ideal filter for exoplanet searches on ground-based
telescopes for the following reasons.
– The L-band contrast of planetary-mass companions with re-
spect to their host stars is predicted to be more favourable
than at shorter wavelengths (Baraﬀe et al. 2003; Fortney
et al. 2008; Spiegel & Burrows 2012) so that lower mass,
older objects can be addressed.
– An additional advantage of L band over shorter wavelengths
is the better adaptive optics image quality, with Strehl ratios
typically between 70% and 90%.
These advantages by far compensate for the increased sky back-
ground in the thermal infrared. In this context, the AGPM will
be competitive, for it is designed to reduce the stellar contribu-
tion by ΔL′ ≥ 7.5 mag at very small IWA (down to 0.9λ/D). An
L-band AGPM on an AO-assisted 10-m class telescope should
be capable of imaging giant planets at a projected separation of
only about 1 AU from stars located at 10 pc.
After reviewing the principle of vortex coronagraphs and of
the AGPM in Sect. 2, we describe in Sect. 3 the design, man-
ufacturing, and expected performance of L-band AGPM coro-
nagraphs. In Sect. 4, we detail the optical setup of the corona-
graphic testbench and present the measured performance of our
best L-band AGPM. Finally, we conclude by discussing the per-
spectives of on-sky applications and of future improvements.
2. The AGPM: a vector vortex coronagraph
Optical vortices occur when the phase structure of light is af-
fected by a helical ramp around the optical axis, eılθ, where θ
is the focal plane azimuthal coordinate and l the vortex topo-
logical charge, i.e., the number of times the geometric phase φp
(Pancharatnam 1956, see also below) accumulates 2π along a
closed path s surrounding the phase singularity:
l = 1
2π
∮
∇φp ds. (1)
The phase dislocation forces the amplitude to zero at its cen-
tre, which is a singularity. Nature indeed prevents the phase
from having an infinite number of values at a single point in
space, which is non-physical, by simply nulling the light locally.
When centred on the diﬀraction pattern of a star seen through a
telescope, optical vortices aﬀect the subsequent propagation by
redirecting the on-axis starlight outside the geometric image of
the pupil. This diﬀracted starlight is then blocked when pass-
ing through a diaphragm in the so-called Lyot stop (LS) plane,
slightly undersized compared to the input pupil.
The perfect starlight attenuation of an optical vortex coro-
nagraph has been proven analytically (Mawet et al. 2005a;
Foo et al. 2005; Jenkins 2008) for any non-zero even values
of l by applying the result of the Weber-Schafheitlin integral1
(Abramowitz & Stegun 1972; Sneddon 1951) to the Fourier
transform of the product of a vortex ramp phase (eılθ) with an
ideal Airy pattern ( 2J1(kρR)kρR ), where R is the circular input pupil
radius, k the wave number, and ρ the radial coordinate in the
focal plane. For instance, with a topological charge l = 2, the
amplitude of the electric field in the Lyot stop plane, with (r, γ)
coordinates, becomes
ELS(r, γ) =
⎧⎪⎪⎨⎪⎪⎩
0, r < R
eı2γ
(
R
r
)2
, r ≥ R · (2)
The signal is perfectly nulled inside the pupil area, while the
redirected light outside the pupil area is blocked by the Lyot
stop. Naturally, this occurs only for the on-axis starlight, whereas
light from oﬀ-axis objects misses the centre of the vortex and
propagates normally. The vortex coronagraph is known for
its near-perfect coronagraphic properties: small IWA (down to
0.9λ/D), high throughput, clear oﬀ-axis 360◦ discovery space,
and simplicity.
An optical vortex can be either scalar or vectorial. Scalar op-
tical vortices are based on a structural phase ramp such as a piece
of glass shaped as a helix. The accuracy to be achieved in the
glass thickness is a definite technological challenge that remains
poorly mastered, even using the most recent micro-fabrication
techniques. More importantly, the induced phase profile of scalar
vortices is highly dependent on the wavelength of the incom-
ing light. Therefore, these are not suitable for significantly wide
spectral bands, such as those commonly used as astronomical
filters. A vectorial (or vector) vortex coronagraph (VVC), on the
other hand, can overcome these limitations. Instead of a struc-
tural phase ramp, the VVC is based on a circularly symmetric
halfwave plate, i.e., a mask that aﬀects the transverse polari-
sation state cyclicly around the centre. This creates a geomet-
ric phase φp known as the Pancharatnam-Berry phase, which is
half of the solid angle subtended by the polarisation cycle on the
Poincaré sphere (Pancharatnam 1956; Berry 1987). It was rigor-
ously shown (Mawet et al. 2005a; Niv et al. 2006) that vectorial
vortices present the same phase ramp as scalar vortices.
Diﬀerent types of VVCs exist. A technology using liquid
crystal polymers (LCP-VVC) recently showed excellent results
(Serabyn et al. 2010; Mawet et al. 2010). Nevertheless, this
technology has been limited so far to the visible and near-
infrared wavelength regimes (up to 2.4 μm), and is not suit-
able for the highly coveted mid-infrared region. Another tech-
nological route is the annular groove phase mask (AGPM, see
Fig. 1) using subwavelength gratings (SG-VVC), which are par-
ticularly adapted to longer wavelengths (Mawet et al. 2005b;
Delacroix et al. 2010). Subwavelength gratings (SGs) are grat-
ings with a period Λ shorter than the illuminating wavelength λ
divided by the refractive index n of the substrate (assuming that
the incident light is perpendicular to the grating surface and
that the surrounding medium is air). Thanks to their property
of form birefringence, which gives two diﬀerent refractive in-
dices nTE (transverse electric) and nTM (transverse magnetic),
such SGs can produce a phase shift between the two polarisa-
tion components:
ΔΦTE−TM(λ) = 2π
λ
hΔnform(λ). (3)
By carefully selecting the grating parameters (substrate and ge-
ometry), this phase shift can be made quasi-independent of the
1 This integral reduces to Sonine’s for the l = 2 case.
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Fig. 1. Scanning electron microscope (SEM) picture of the centre of an
annular groove phase mask (AGPM) made out of diamond and dedi-
cated to coronagraphic applications in the L band.
wavelength over a wide spectral bandwidth, thereby synthesis-
ing an artificial birefringent achromatic wave plate (Kikuta et al.
1997). We have recently shown (Delacroix et al. 2012b) that di-
amond is a good material for manufacturing achromatic half-
wave plates for mid-infrared wavelengths (e.g., L and N bands
centred respectively around 3.8 μm and 10 μm). Here, we focus
on applications in the L band, ranging from 3.5 to 4.1 μm.
3. AGPM-L design and manufacturing
3.1. Design
The design of the grating was conducted in complete synergy
with the manufacturing process, described in Sect. 3.2. We per-
formed realistic numerical simulations using the rigorous cou-
pled wave analysis (RCWA), which resolves the Maxwell equa-
tions in the frequency domain and gives the entire diﬀractive
characteristics of the studied structure (Moharam & Gaylord
1981). Although the theory states that a perfectly achromatic
coronagraph would provide a perfect nulling of the on-axis
starlight, in practice, imperfections remain. In this paper, we use
the null depth metrics instead of the peak-to-peak attenuation.
The null depth quantifies the contrast provided by the corona-
graph, integrated over the whole point spread function (PSF).
As explained further in Sect. 4.3, this metrics is well suited to
coronagraphy since it takes the changes induced by the coro-
nagraph itself to the PSF profile into account. The theoretical
null depth Ntheo is given by the following wavelength-dependent
expression (Mawet et al. 2005a):
Ntheo(λ) = Icoro(λ)Ioﬀ(λ) =
[1 − √q(λ)]2 + (λ)2 √q(λ)
[1 +
√
q(λ)]2
, (4)
where Icoro (resp. Ioﬀ) is the signal intensity when the input beam
is centred on (resp. oﬀ) the coronagraph, (λ) is the phase error
with respect to π, and q(λ) is the flux ratio between the two po-
larisation components, TE and TM. In the theoretical case where
the coronagraphic profile remains identical to the original PSF
profile, this formula of the null depth is also valid for the peak-
to-peak attenuation, which was demonstrated in an ideal case by
Mawet et al. (2005a).
Equation (4) involves all the geometrical parameters of the
grating (period Λ, filling factor F, depth h, sidewall angle α),
which are illustrated in Fig. 2. The period Λ is the only fixed
parameter in our design. It is determined by the subwavelength
Fig. 2. Schematic diagram of a trapezoidal grating. The grating side-
walls have an angle α and an average width FequivΛ.
optim. 
param
Fig. 3. RCWA multi-parametric simulation: mean null depth (logarith-
mic scale) over the whole L band (3.5–4.1 μm) with α ranging from 2.7◦
to 3.2◦. The period is set to Λ = 1.42 μm (SG limit).
limit (λ/n). Considering a little margin for the spectral band
lower bound (3.4 μm), and considering the refractive index of
diamond (2.38), the period should be 1.42 μm. The other pa-
rameters of the manufactured grating are free parameters whose
values are provided by numerical optimisation. Some of the pa-
rameters, like the depth h, the filling factor F and the sidewall
angle α, may vary slightly during the etch process. The only way
to measure them precisely is by cracking the sample along a di-
ameter. By doing so, we measured that the angle α is usually
2.95◦ ± 0.25◦. Owing to the uncertainty on the slope, we sought
a robust design that performs well even slightly outside of the
optimal parameter set. To find the target design parameters, we
computed two-dimensional maps of the theoretical null depth as
a function of the filling factor F and of the depth h, for several
values of the angle α ranging from 2.7◦ to 3.2◦. The mean of all
these maps (see Fig. 3) gives the targeted specifications, i.e., the
optimal parameters set region: period 1.42 μm, filling factor
0.45, depth 5.2 μm, and sidewall angle 2.95◦. For these op-
timal parameters, the mean null depth over the whole L band
(3.5–4.1 μm) equals 5 × 10−4.
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Fig. 4. SEM picture of the cleaved subwavelength grating, from which
the geometric parameters of the AGPM-L4 profile are deduced: line
width 0.58 μm (i.e., filling factor 0.41) and depth 4.7 μm.
3.2. Manufacturing and metrology
The AGPM pattern is etched onto a commercial optical-grade
polycrystalline diamond window of 10 mm diameter and 300 μm
thick, grown by chemical vapour deposition (Element Six Ltd.).
The etching of the grooves involves techniques inherited from
the micro-electronics industry. Electron-beam lithography was
used to produce the pattern on a silicon wafer. Metal masking
layers were deposited on the diamond by sputtering, and nano-
imprint lithography was used to transfer the pattern to the top of
the mask. Finally, reactive ion etching was used to etch the pat-
tern first into the metal mask and then into the diamond. A sim-
ilar manufacturing process has been described before (Karlsson
et al. 2010; Delacroix et al. 2010). This process was painstak-
ingly optimised to achieve the high pattern homogeneity, preci-
sion, and aspect ratio necessary for half-wave plates and AGPMs
in the N band (Delacroix et al. 2012a). This included introduc-
ing a soft silicone stamp in the nano-imprint process and adding
masking layers to better control the mask thickness and profile.
For the L-band AGPM only minor adjustments had to be
made to take the diﬃculties of etching a finer grating into ac-
count. In particular, the etch rate and sidewall angle were both
more sensitive to variations in groove width, and the depth of the
grooves was even more diﬃcult to measure with suﬃcient pre-
cision. To make precise measurements of the profile and depth,
the sample had to be cracked and the cross-section imaged by
scanning electron microscopy (SEM), as seen in Fig. 4. In the
N-band case, the depth could be estimated with reasonable pre-
cision without cracking the sample or removing the mask, so
etching could be carried out in steps with depth measurements
in between until the correct depth was reached. For the L-band,
this was not possible so a slightly diﬀerent approach had to
be taken. After etching the metal mask, the sample was im-
aged by SEM in order to measure the line width. This width
did not change noticeably during diamond etching, so the top
width (FΛ in Fig. 2) of the final structure was known before-
hand. Test samples with identical masks as the AGPM sample
were then etched and cracked to determine the etch rate and side-
wall angle. Two samples etched to diﬀerent depths close to the
final depth were required, because the etch rate slows when the
grooves get deeper. The optimal depth was then recalculated by
RCWA with the measured top width and sidewall angle fixed.
Finally, the AGPM was etched for an appropriate length of time
to achieve the desired depth. A detailed account of the masking
Table 1. Measured profile parameters and simulated raw null depth
for the four manufactured L-band AGPMs, and comparison with the
optimal design.
Name Period Λ Fill F Depth h Angle α Ntheo
AGPM-L1 1.42 μm 0.35 4.2 μm 2.40◦ 0.0267
AGPM-L2 1.42 μm 0.36 3.6 μm 2.65◦ 0.0116
AGPM-L3 1.42 μm 0.44 5.8 μm 3.25◦ 0.0048
AGPM-L4 1.42 μm 0.41 4.7 μm 3.10◦ 0.0010
Optimum 1.42 μm 0.45 5.2 μm 2.95◦ 0.0005
Fig. 5. SEM picture of the antireflective grating (ARG) etched on the
backside of the AGPM.
and etching process used both for the N band and the L band
is provided by Forsberg & Karlsson (2013). The grating depth
of the finished components was confirmed by careful parallax
measurements between SEM pictures at five diﬀerent tilt angles.
Four finished components have been made to date. The first
two, AGPM-L1 and AGPM-L2, were initial tests. These were
etched with the exact same methods as N-band components.
Moreover, the e-beam-written master used in the patterning of
these two had lines that are too narrow. AGPM-L3 was an experi-
ment with a diﬀerent etch recipe giving a grating profile of trape-
zoidal walls with a triangular tops, designed to reduce the prob-
lem of ghost reflections (see Sect. 3.4). AGPM-L4 finally, was
produced using the method described above to achieve a close to
optimal depth for its actual fill factor and sidewall angle. That we
were able to produce nearly optimal grating parameters with so
few trials directly reflects the maturity of the fabrication process.
The grating parameters of all four components and their simu-
lated raw null depth can be found in Table 1 (with AGPM-L3
profile approximated as trapezoidal). In the rest of this paper,
only the best component, AGPM-L4, will be discussed.
3.3. Antireflective grating
To avoid incoherent reflections on the internal sides of the
AGPM, which would not be cancelled by the optical vortex,
an anti-reflective grating (ARG) was etched on the backside of
the component, using a very similar diamond-etching technique
(Karlsson & Nikolajeﬀ 2003) with a binary square-shaped struc-
ture as can be seen in Fig. 5. The backside reflection, which
is high for diamond in the L band (∼17%), is significantly re-
duced (∼1.9%) thanks to the use of the ARG. The total trans-
mission of the AGPM was measured on a Perkin-Elmer 983
spectrophotometer and compared to the theoretical transmission
A98, page 4 of 8
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Fig. 6. L-band transmission measurements of AGPM-L4 with an an-
tireflective grating (ARG) etched on its backside. The figure also
shows the calculated transmission curves with/without the absorption,
with/without the ARG, and for a smooth diamond substrate.
calculated with RCWA (Fig. 6). The absorption, which is sig-
nificant in the L band (especially around 4 μm), was taken into
account in the calculation. The result is very satisfying, with an
average total transmission of ∼87%.
3.4. Expected performance
The performance of the coronagraph, i.e., the measured raw null
depth NAGPM, can be described as the sum of two terms:
NAGPM = Ntheo + Nghost. (5)
The first term is the theoretical null depth (Eq. (4)), which is
limited by the manufacturing accuracy. The second term is in-
duced by the ghost, i.e., the unwanted internal double reflection
described in Sect. 3.3. The ghost contribution Nghost is the ra-
tio between the ghost intensity and the signal intensity when the
input beam is centred oﬀ the coronagraph:
Nghost =
Ighost
Ioﬀ
=
TSGTARGRARGRSG
TSGTARG
= RARGRSG, (6)
where TSG, TARG, RSG, and RARG are the transmittances and
reflectances for both the subwavelength grating (SG) and anti-
reflective grating (ARG) interfaces. In our case RARGRSG 
10−3, which is quite small but not negligible in the case of the
best component (AGPM-L4), whose theoretical null depth is
also 10−3 (see Table 1). The expected performance of AGPM-L4
was calculated and is presented in Fig. 7. The mean null depth
over the whole L band (3.5–4.1 μm) is 2 × 10−3.
4. Laboratory results
After the manufacturing of diﬀerent AGPMs with slightly vary-
ing grating heights and filling factors, coronagraphic tests were
carried out in the L band at the Observatoire de Meudon, on the
same optical bench (YACADIRE) as the one used for character-
ising the VLT-SPHERE coronagraphs (Boccaletti et al. 2008).
3.5 3.6 3.7 3.8 3.9 4 4.110
−4
10−3
10−2
Wavelength (μm)
N
ul
l D
ep
th
  (l
og
10
)
 
 
 NAGPM−L4 = Ntheo + Nghost
 Ntheo
 Nghost
 Ntheo (optimal parameters)
Fig. 7. L-band expected performance of AGPM-L4, calculated as the
sum of the theoretical raw null depth Ntheo and the ghost contribu-
tion Nghost. The figure also shows the theoretical raw null depth obtained
with the optimal design presented in Table 1.
Fig. 8. Optical layout of the YACADIRE coronagraphic test bench.
4.1. Description of the coronagraphic test bench
The setup of the coronagraphic test bench, taking some minor
modifications into account, is represented in Fig. 8. The bench is
approximately 1.5 m long and located in a clean room. A tung-
sten lamp is used to feed a single-mode fibre (our star simulator)
transmitting wavelengths up to 5 μm. Gold-coated parabolic and
flat mirrors are placed successively in the light path between the
fibre and the detector, so that the beam alternates from pupil to
focal planes. This choice of a complete set of reflective optical
components avoids inherent chromatic aberrations. The AGPM
to be tested is placed in an intermediate focal plane between two
A98, page 5 of 8
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Fig. 9. Transmission curve measured at cold for the wide L-band filter
(Spectrogon BBP-3500-4000 nm).
parabolic mirrors. With a focal distance of F = 750 mm for the
first parabola and a beam diameter of 18.75 mm, the f-number
of the beam impinging on the AGPM is F/40. The core of the
Airy spot created on the AGPM is Fλ/D  150 μm wide. A
Lyot stop blocking the diﬀracted light is then located after the
second parabolic mirror, reducing the pupil to 80% of its diame-
ter. The beam is subsequently focussed at F/94 with the third
parabolic mirror on an HgCdTe infrared detector placed in a
cryostat cooled down to 60 K. Inside the cryostat, the beam first
passes through a wide L-band filter (3.5–4.0 μm), whose trans-
mission characteristics are given in Fig. 9.
4.2. Working and measurement principles
We started our coronagraphic tests by placing the AGPM pre-
cisely at the focus of the beam. A coarse positioning was
achieved using a visible laser, by looking at the diﬀraction rings
created upon propagation through the AGPM grating. The fine
positioning was then performed in the L band, by minimising
the flux reaching the camera. A second figure of merit in this
optimisation was the shape of the coronagraphic PSF, which is
expected to be symmetric when the AGPM is properly centred
on x = 0 and y = 0 (the horizontal and vertical axes). The adjust-
ment of the focus (z axis) was then based solely on the quality of
the on-axis light extinction.
Series of 100 frames of 40 ms were recorded with the AGPM
placed at the optimal position (referred to hereafter as the coro-
nagraphic frames) and subsequently with the AGPM far from
this position (typically at 1 mm) to measure a reference PSF
without coronagraphic eﬀect, but with the beam still propagating
through the diamond substrate (referred to hereafter as the oﬀ-
axis frames). These two sorts of frames (coronagraphic and oﬀ-
axis) were used to evaluate the null depth as described hereafter
(Sect. 4.3). Series of 100 frames were also recorded for various
oﬀsets of the AGPM from the optimal position in x, y, and z. In
each case, 10 to 20 background frames were recorded to allow a
basic treatment of our images. All exposure times were limited
to 40 ms due to the saturation of the thermal background.
4.3. Data processing
The first step consisted in computing the median of the
background images, before subtracting it from either the
coronagraphic or the oﬀ-axis frames. Since we noticed that the
background was sometimes slightly over-subtracted (resulting in
negative values in the reduced images), a scaling of the back-
ground was implemented by using the ratio of the mean intensity
in identical rings in both the coronagraphic (or oﬀ-axis) and the
background frames. A flat field was measured and subsequently
divided from the background-subtracted images. Noting fscal
the aforementioned scaling factor, the reduced images Ired, j are
given by
Ired, j =
I j − fscalIB,med
iF
with fscal =
〈
ring(Icoro)〉〈
ring(IB,med)〉 , (7)
where I j is the jth image within the coronagraphic or oﬀ-axis
frames, IB,med the median of the background images, iF the nor-
malised flat field, and 〈〉 represents the average over a number of
pixels. Next, bad pixels and cosmic rays were adequately elim-
inated. Finally, all the reduced images were stacked to increase
the signal-to-noise ratio of both the oﬀ-axis and coronagraphic
images. Aperture photometry was then carried out on these fi-
nal images in order to measure the flux in the coronagraphic
and oﬀ-axis PSF, and thereby estimate the performance of our
AGPM across the full L band.
Although the peak-to-peak attenuation is a widely used met-
rics to quantify the coronagraphic performance, the presence of
the AGPM slightly changes the PSF profile near the axis. This
phenomenon is characteristic of all coronagraphs. Therefore, a
more robust metric needs to be used, taking both the corona-
graphic and the oﬀ-axis frames mentioned in Sect. 4.2 into ac-
count. In our case, the figure of merit is the raw null depth, de-
fined as the ratio between the integrated flux over a certain area
around the centre of the final coronagraphic image and the inte-
grated flux over the same area in the oﬀ-axis image. The ques-
tion of the relevant size of this area is interesting. Using the full
images would lead to a pessimistic result since it would inte-
grate a lot of background and high frequency artefacts. Using
the sole central peak seems to be more appropriate. As we wish
to compare our results with the theoretical predictions of Riaud
& Hanot (2010), we decided to use an area of radius equal to
the FWHM of the PSF (∼λ/D). This generally results in a good
agreement with the theoretical formula (Eq. (5)), because most
of the intensity in the image is contained within the FWHM. Our
raw null depth is thus defined as
NAGPM =
∫ FWHM
0
∫ 2π
0
˜Icoro(r, θ) r dr dθ∫ FWHM
0
∫ 2π
0
˜Ioﬀ(r, θ) r dr dθ
(8)
where ˜Ioﬀ and ˜Icoro are the medians of the reduced oﬀ-axis and
coronagraphic images, respectively. This definition would be
perfectly equivalent to Eq. (5) if the coronagraphic profile was
identical to the original PSF profile.
4.4. Measured performance and comparison with theory
The raw null depth measured by the described procedure was
2 × 10−3 over the L band (or alternatively, a rejection ratio
R = 1/N  500), which is perfectly in line with the expected
performance based on our RCWA modelling (see Sect. 3.4). In
Fig. 10, the measured radial profile for the coronagraphic PSF
is compared to the oﬀ-axis PSF profile. These profiles were ob-
tained by computing the azimuthal medians in concentric rings
of various sizes in our images, with a subsequent normalisation
to the peak value of the oﬀ-axis PSF. We computed a confidence
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Fig. 10. Azimuthally averaged PSF (blue curve) and coronagraphic pro-
files (dash green curve) with confidence interval (green shaded region).
The top-right inset shows the oﬀ-axis (left) and coronagraphic (right)
images on a common linear scale. The oﬀ-axis image is thresholded
and the coronagraphic image underexposed, conveying the true raw dy-
namic range achieved by the coronagraph, with a measured raw null
depth of 2 × 10−3 and a raw contrast of 6 × 10−5 measured at 2λ/D.
interval on our median coronagraphic profile by measuring a se-
ries of 45 coronagraphic profiles on an integration time of about
40 s each (i.e., 1000 frames) and by computing the standard de-
viation of the profiles in each individual ring. The main source
of fluctuations in the coronagraphic profile level is associated
to background instabilities. The confidence interval in Fig. 10
shows that the coronagraphic profile is measured with a suﬃ-
cient signal-to-noise ratio up to about 3λ/D. Beyond this point,
the intensity in the median coronagraphic profile is dominated
by background subtraction residuals. The raw contrast delivered
by the AGPM at 2λ/D equals 6 × 10−5, which corresponds to
10.5 mag. Beyond 3λ/D, the contrast quickly falls below 10−5
(i.e., 12.5 mag) and cannot be measured any more.
In a second phase, we explored the dependency of the coro-
nagraphic attenuation as a function of the oﬀset of the AGPM
with respect to the optimal position. The results of these mea-
surements are shown in Fig. 11. The agreement with the theo-
retical oﬀ-axis transmission profile of Riaud & Hanot (2010) is
reasonable, which further suggests that our AGPMs produce the
textbook vortex eﬀect. Finally, we measured the sensitivity of
the null depth to the focus. The null depth was divided by a fac-
tor 2 for a defocus of about ±1.5 mm at F/40, translating to a
defocus aberration of ±120 nm peak-to-valley (∼30 nm rms).
5. Conclusions and perspectives
In this paper, we have presented the design, manufacturing, and
measured performance of the first vortex phase mask corona-
graphs based on the use of subwavelength gratings. Our annular
groove phase masks, etched on diamond substrates, produce on-
axis light rejection reaching a factor up to 500 across the L band
(3.5–4.0 μm), which represents the best broadband performance
of any mid-infrared phase mask to our knowledge. Assuming a
high-quality input wave front, the use of our L-band AGPM on
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Fig. 11. Theoretical and measured oﬀ-axis transmission as a function of
the angular separation between the beam and AGPM centre, expressed
in resolution elements (λ/D).
a telescope would result in an achievable raw contrast ranging
from about 10−3 (7.5 mag) at an angular separation of 1λ/D to
about 6×10−5 (10.5 mag) at 2λ/D, and 10−5 (12.5 mag) at 3λ/D.
This underlines the strong potential of AGPM-L for exoplanet
detection and characterisation at small angular separations from
bright nearby stars.
In November 2012, AGPM-L3 was installed at the focus
of NAOS-CONICA, the infrared adaptive-optics camera of the
VLT (Lenzen et al. 2003; Rousset et al. 2003). Although the
NACO image quality is not perfect in the L band, with a Strehl
ratio around 70–85%, the very first on-sky tests suggest that the
AGPM coronagraphic mode lives up to our expectations. These
recent results will be presented in a forthcoming paper (Mawet
et al. 2013). The installation of AGPM-L4 on LMIRCam, the
L-band camera of the LBTI (Skrutskie et al. 2010), is currently
going on. Thanks to the very high Strehl ratio delivered by the
LBT adaptive optics at L band (>95%, Esposito et al. 2011),
we expect that AGPM-L4 will realise its full potential on this
instrument.
There are currently two main limitations to the performance
of our L-band AGPMs. The first one is the presence of a ghost,
reflected back and forth between the parallel faces of the dia-
mond substrate. To reach starlight extinction better than 1000,
a more aggressive antireflective solution will need to be used,
based e.g. on an improved subwavelength structure or on a com-
bination of the current design with an appropriate coating. The
second limitation resides in the control of the grating parameters
during manufacturing, including the slope of the grating walls.
RCWA simulations show that, if the grating parameters can be
made perfect, a theoretical on-axis attenuation of almost 10−4
could be reached. It is, however, expected that for such deep
extinction, local phenomena not taken into account by RCWA
simulations could become dominant. Such considerations will
be fully investigated when designing and manufacturing second-
generation AGPMs, for applications on future extremely large
telescopes.
Acknowledgements. The first author is grateful to the financial support of the
Belgian Fonds de la Recherche Scientifique (FRIA) and Fonds de solidarité ULg.
S.H. and J.S. acknowledge support from the Belgian FRS-FNRS FRFC. We also
gratefully acknowledge financial support from the Swedish Diamond Centre (fi-
nanced by Uppsala University), and the Communauté française de Belgique –
Actions de recherche concertées – Académie universitaire Wallonie-Europe.
A98, page 7 of 8
A&A 553, A98 (2013)
References
Abramowitz, M., & Stegun, I. A. 1972, Handbook of Mathematical Functions
(New York: Dover)
Absil, O., & Mawet, D. 2010, A&ARv, 18, 317
Baraﬀe, I., Chabrier, G., Barman, T. S., Allard, F., & Hauschildt, P. H. 2003,
A&A, 402, 701
Berry, M. V. 1987, J. Mod. Opt., 34, 1401
Beuzit, J.-L., Feldt, M., Dohlen, K., et al. 2008, in Proc. SPIE, 7014, 41
Boccaletti, A., Abe, L., Baudrand, J., et al. 2008, in Proc. SPIE, 7015, 34
Boccaletti, A., Augereau, J.-C., Lagrange, A.-M., et al. 2012, A&A, 544, A85
Delacroix, C., Forsberg, P., Karlsson, M., et al. 2010, in Proc. SPIE, 7731, 157
Delacroix, C., Absil, O., Mawet, D., et al. 2012a, in Proc. SPIE, 8446, 8
Delacroix, C., Forsberg, P., Karlsson, M., et al. 2012b, Appl. Opt., 51, 5897
Esposito, S., Riccardi, A., Pinna, E., et al. 2011, in Proc. SPIE, 8149, 1
Foo, G., Palacios, D. M., & Swartzlander, Jr., G. A. 2005, Opt. Lett., 30, 3308
Forsberg, P., & Karlsson, M. 2013, Diam. Relat. Mater., 34, 19
Fortney, J. J., Marley, M. S., Saumon, D., & Lodders, K. 2008, ApJ, 683, 1104
Girard, J. H. V., O’Neal, J., Mawet, D., et al. 2012, in Proc. SPIE, 8447, 1
Guyon, O., Pluzhnik, E. A., Kuchner, M. J., Collins, B., & Ridgway, S. T. 2006,
ApJS, 167, 81
Jenkins, C. 2008, MNRAS, 384, 515
Kalas, P., Graham, J. R., Chiang, E., et al. 2008, Science, 322, 1345
Karlsson, M., & Nikolajeﬀ, F. 2003, Optics Express, 11, 502
Karlsson, M., Vartianen, I., Kuittinen, M., & Nikolajeﬀ, F. 2010, Microelectron.
Eng., 87, 2077
Kasper, M., Beuzit, J.-L., Feldt, M., et al. 2012, The Messenger, 149, 17
Kenworthy, M. A., Meshkat, T., Quanz, S. P., et al. 2013, ApJ, 764, 7
Kikuta, H., Ohira, Y., & Iwata, K. 1997, Appl. Opt., 36, 1566
Lagrange, A.-M., Gratadour, D., Chauvin, G., et al. 2009a, A&A, 493, L21
Lagrange, A.-M., Kasper, M., Boccaletti, A., et al. 2009b, A&A, 506, 927
Lagrange, A.-M., Bonnefoy, M., Chauvin, G., et al. 2010, Science, 329, 57
Lenzen, R., Hartung, M., Brandner, W., et al. 2003, in Proc. SPIE, 4841,
944
Lyot, B. 1939, MNRAS, 99, 580
Macintosh, B. A., Graham, J. R., Palmer, D. W., et al. 2008, Adaptive Optics
Systems, ed. N. Hubin, 7015, 31
Marois, C., Macintosh, B., Barman, T., et al. 2008, Science, 322, 1348
Mawet, D., Riaud, P., Absil, O., & Surdej, J. 2005a, ApJ, 633, 1191
Mawet, D., Riaud, P., Surdej, J., & Baudrand, J. 2005b, Appl. Opt., 44,
7313
Mawet, D., Serabyn, E., Stapelfeldt, K., & Crepp, J. 2009, ApJ, 702, L47
Mawet, D., Serabyn, E., Liewer, K., et al. 2010, ApJ, 709, 53
Mawet, D., Mennesson, B., Serabyn, E., Stapelfeldt, K., & Absil, O. 2011, ApJ,
738, L12
Mawet, D., Pueyo, L., Lawson, P., et al. 2012, in Proc. SPIE, 8442, 04
Mawet, D., Absil, O., Delacroix, C., et al. 2013, A&A, 552, L13
Moerchen, M. M., Telesco, C. M., De Buizer, J. M., Packham, C., & Radomski,
J. T. 2007, ApJ, 666, L109
Moharam, M. G., & Gaylord, T. K. 1981, J. Opt. Soc. Am., 71, 811
Niv, A., Biener, G., Kleiner, V., & Hasman, E. 2006, Optics Express, 14,
4208
Pancharatnam, S. 1956, in Proc. Ind. Acad. Sci. A, 44, 247
Quanz, S. P., Meyer, M. R., Kenworthy, M. A., et al. 2010, ApJ, 722, L49
Quanz, S. P., Kenworthy, M. A., Meyer, M. R., Girard, J. H. V., & Kasper, M.
2011, ApJ, 736, L32
Riaud, P., & Hanot, C. 2010, ApJ, 719, 749
Riaud, P., Mawet, D., Absil, O., et al. 2006, A&A, 458, 317
Rousset, G., Lacombe, F., Puget, P., et al. 2003, in Proc. SPIE, 4839, 140
Serabyn, E., Mawet, D., Bloemhof, E., et al. 2009, ApJ, 696, 40
Serabyn, E., Mawet, D., & Burruss, R. 2010, Nature, 464, 1018
Skrutskie, M. F., Jones, T., Hinz, P., et al. 2010, in Proc. SPIE, 7735, 118
Sneddon, I. 1951, Fourier Transforms (New York: McGraw-Hill)
Spiegel, D. S., & Burrows, A. 2012, ApJ, 745, 174
A98, page 8 of 8
